ABSTRACT
INTRODUCTION
Cell death is crucial for normal development, homeostasis, and the prevention of hyperproliferative diseases such as cancer [1, 2] . The RAS family of small GTPases (HRAS, NRAS, and KRAS) is mutated in around 30% of all cancers [3] . Dolma et al and Yang et al identified two structurally unrelated small molecules, named Erastin and RSL3, that were selectively lethal to oncogenic RAS mutant cell lines and that they refer to together as RAS-selective lethal (RSL) compounds [4, 6] . The type of cell death activated by the RSLs has been enigmatic. Classic features of apoptosis, such as mitochondrial cytochrome c release, caspase activation, and chromatin fragmentation, are not observed in RSLtreated cells [4, 5, 6] . RSL-induced death is, however, associated with increased levels of intracellular reactive oxygen species (ROS) and is prevented by iron chelation or genetic inhibition of cellular iron uptake [5, 6] . In a recent systematic study of various mechanistically unique lethal compounds, the prevention of cell death by iron chelation was a rare phenomenon [7] , suggesting that few triggers can access iron-dependent lethal mechanisms. They find that Erastin-induced death involves a unique constellation of morphological, biochemical, and genetic features, which led Stockwell and colleagues to propose the name ferroptosis as a description for this phenotype. Ferroptosis involves metabolic dysfunction that results in the production of both cytosolic and lipid ROS, independent of mitochondria but dependent on NADPH oxidases in some cell contexts [8] . www.impactjournals.com/oncotarget Heme oxygenase-1 (HO-1) metabolizes heme to generate carbon monoxide (CO), biliverdin, and iron. Biliverdin is subsequently metabolized to bilirubin by biliverdin reductase [9, 10, 11] . HO-1 is contained that anti-cancer, anti-inflammatory, anti-apoptotic, antiproliferative, and antioxidant effects [12, 13] . The expression of HO-1 has been shown to be up-regulated in different cancer type [14, 15, 16] , but the role it plays in caners has not yet been addressed clearly. Especially, overexpressed or sustained HO-1 alters iron homeostasis in different cell types [17, 18] . In this study, we describe that Erastin induces HO-1 expression in HT-1080 fibrosarcoma cells and overexpressed HO-1 accelerates Erastin-triggered ferroptotic cell death.
RESULTS

Erastin induces heme oxygenase-1-dependent ferroptotic cell death
The oncogenic RAS-selective lethal small molecule Erastin triggers a unique iron-dependent form of nonapoptotic cell death, ferroptosis [19] . A link between heme oxygenase (HO) and iron homeostasis has been demonstrated in different tissues and cells [20, 21] . To investigate the effects of HO-1 inhibitor, zinc protoporphyrin (ZnPP), we treated HT-1080 fibrosarcoma cells with vehicle or Erastin (10 μM) in the absence or presence of ZnPP (10 μM) for 12 hours. The cells were harvested and stained for nuclei using Hoechst 33342. The representative images were shown in Figure 1A . Live cells were counted and represented as a graph in Figure 1B . HO-1 inhibitor, ZnPP, prevented Erastin-induced cell death. To verify these results, we assessed Erastin-induced cell death in the absence or presence of ZnPP, N-acetylcysteine (NAC, antioxidant), ferrostatin-1 (ferroptosis inhibitor), or deferoxamine (DFO, iron chelator) as a control. The cell viability of HT-1080 fibrosarcoma cells was decreased in Erastin (33.9%) compared with vehicle (100%). However, the Erastin-induced cell death was obstructed by HO-1 inhibitor, ZnPP (104.1%), DFO (87.5%), NAC (154.1%), and ferrostatin-1 (85%) ( Figure 1C ). These data suggest that HO-1 may have a key role in the Erastin-triggered iron-dependent cell death, ferroptosis.
The expression of heme oxygenase-1 is an important for Erastin-induced ferroptotic cell death
To determine Erastin affects the expression levels of HO-1, we treated HT-1080 fibrosarcoma cells with vehicle or Erastin (1 μM or 10 μM) and harvested total protein and RNA at 4, 8, and 12 hours after cell treatment. HO-1 protein and mRNA levels began to increase 8 hours and a more striking increase in HO-1 was evident after 12 hours of Erastin treatment (Figure 2A, and 2B, respectively) . Furthermore, Erastin increased the protein and mRNA levels of HO-1 dose dependently. However, the expression levels of HO-2 did not alter during Erastin-triggered cell death ( Figure 2C ). In Figure 1C , Erastin-induced cell death was recovered in the presence of DFO, NAC, and ferrostatin-1 in HT-1080 fibrosacoma cells. To investigate the role of HO-1 in the condition, the expression levels of HO-1 were assessed 12 hours after vehicle, Erastin, or Erastin plus DFO, NAC, or ferrostatin-1 administration in HT-1080 fibrosacoma cells. Whereas the expression levels of HO-1 were increased by Erastin, it was down-regulated by DFO, NAC, and ferrostatin-1 in the presence of Erastin in HT-1080 fibrosacoma cells ( Figure 2D ). However, the expression levels of HO-2 did not change in the same condition ( Figure 2E ).
To Figure 3A ). In addition, HT-1080 fibrosarcoma cells were transfected with control vector or human HO-1 cDNA to see the effects of overexpressed HO-1 in Erastin-induced cell death. Transfected cells were treated with vehicle or Erastin (10 μM) for 12 hours and cell viability was measured. The Erastin-induced cell death was accelerated in HO-1 overexpressed HT-1080 fibrosarcoma cells in the presence of Erastin 10 μM (19.0%) compared with Erastin 10 μM (57.3%) treatment in control vector overexpressed HT-1080 fibrosarcoma cells ( Figure 3B ). The overexpression of control vector or human HO-1 cDNA was detected using anti-HO-1 antibody at the baseline ( Figure 3C ). To verify the importance of HO-1 expression, an inhibitor of protein biosynthesis, cycloheximide (CHX), was treated in HT-1080 fibrosarcoma cells in the absence or presence of Erastin. The protein levels of HO-1 were determined using Western blotting with or without Erastin in the absence or presence of CHX ( Figure 3D ). As we expected, CHX prevented the expression of Erastin-induced HO-1 protein. In the same condition, the cell viability was measured. The cell viability of HT-1080 fibrosarcoma cells was decreased in Erastin (35.1%) compared with vehicle (100%). However, Erastin-induced cell death was prevented by an inhibitor of protein biosynthesis (85.9%), CHX ( Figure 3E Figure 3G ). These data suggest that the expression of HO-1 is an important mediator of Erastintriggered iron-dependent cell death, ferroptosis.
By products of heme oxygenase-1 accelerate the Erastin-induced ferroptotic cell death
To ascertain by products of HO-1 promote Erastininduced ferroptotic cell death, hemin, CORM, biliverdin, and bilirubin were treated and cell viability was measured. Erastin plus hemin or CORM treated cells were started to die much earlier (6 hours) than Erastin alone (10 hours). However, biliverdin and bilirubin had no effects on Erastininduced cell death ( Figure 4A ). The effects of hemin or CORM were suppressed by cotreatment with iron chelator, deferoxamine (DFO, 100 μM) or HO-1 enzyme inhibitor, ZnPP (10 μM) ( Figure 4C ). In the other hands, hemin or CORM does not induce cell death, alone ( Figure 4B ).
Interestingly, Hemin and CORM increased HO-1 expression much earlier at 6 hours in the presence of Erastin ( Figure 4D ). At the time, Erastin showed basal expression of HO-1. The fold change in HO-1 protein levels were quantitated as signal intensity corrected for loading in control cells in Figure 4D . To verify the importance of HO-1 expression, cells were treated with vehicle, Erastin, or Erastin plus hemin or CORM in the absence or presence of cycloheximide (CHX) and protein levels of HO-1 were analyzed by Western blotting analysis ( Figure 5A ). CHX prevents the protein levels of HO-1 in the presence of Erastin or Erastin plus hemin or CORM. The fold change in HO-1 protein levels were quantitated as signal intensity corrected for loading in control cells in Figure 5A on the bottom. In Figure 5B , data shown that the obstruction of HO-1 expression prevents Erastin or Erastin plus hemin or CORM-induced cell death in the presence of CHX. HT-1080 fibrosacoma cells were treated with vehicle, Erastin, or Erastin plus hemin or CORM in the presence of DFO, NAC, or ferrostatin-1 and cell viability was analyzed. The accelerated cell death by hemin and CORM was rescued by DFO, NAC, and ferrostatin-1 in the presence of Erastin ( Figure 5C ). These data suggest that by products of heme oxygenase-1, hemin and CORM, accelerate the Erastin-induced ferroptotic cell death in HT-1080 fibrosacoma cells.
Heme oxygenase-1 induces lipid peroxidation in Erastin-treated cells
Erastin-induced cell death is a poorly characterized process involving the accumulation of ROS derived from an unknown source and the inhibition of cell death by iron chelation [5, 6] . To investigate the effects of HO-1 in lipid peroxidation, HT-1080 fibrosacoma cells were treated with vehicle, Erastin, or hemin, CORM, and biliverdin in the presence of Erastin. Cytosolic reactive oxygen species (ROS) ( Figure 6A ) and lipid peroxidation ( Figure 6B ) were assayed by flow cytometry using the fluorescent probes CellROX and C11-BODIPY, respectively. As shown in Figure 6A , hemin increased Erastin-induced cytosolic ROS, but CORM did not. Even, biliverdin decreased Erastin-induced cytosolic ROS. Interestingly, hemin and CORM increased lipid peroxidation in the presence of Erastin in Figure 6B . These data suggest that hemin and CORM accelerate Erastin-triggered cell death through increasing lipid peroxidation. In Figure 1C , HO-1 inhibitor, ZnPP, prevented Erastin-induced cell death. To investigate the role of HO-1 during lipid peroxidation, vehicle, Erastin, or Erastin plus hemin or CORM was treated in the presence or absence of HO-1 inhibitor, ZnPP and lipid peroxidation was analyzed in Figure 6C . In addition, hemin or CORM increased lipid peroxidation in the absence of ZnPP. However, hemin and CORM-induced lipid peroxidation were abolished in the presence of ZnPP. Lipid peroxidation of Eratsin was reduced in the presence of ZnPP in Figure 6C . In Figure 5C , DFO, NAC, and ferrostain-1 prevented hemin and CORM-induced cell death in the presence of Erastin. We wondered that their inhibition effects were going through the inhibition of lipid peroxidation. For this reason, lipid peroxidation was analyzed after vehicle, Erastin, or Erastin plus hemin or CORM in the absence or presence of DFO, NAC, or ferrostatin-1 ( Figure 6D and 6E). DFO, NAC, and ferrostatin-1 decreased Erastin plus hemin or CORM-induced lipid peroxidation. These data suggest that HO-1 may be an important enzyme in Erastin-triggered cell death through increasing lipid peroxidation.
DISCUSSION
Yang WS and his colleagues reported the identification of additional small molecules, RSL3, ML162, and DPI10 [5, 22] , that display oncogenic-RAS-synthetic-lethality in engineered fibroblast-derived tumorigenic cell lines. Initially, they focused on Erastin. Erastin reprograms cancer cell metabolism by modulating VDAC2/VDAC3 and system xc-to trigger ferroptosis [6, 8] . Ferroptotic cell death is morphologically, biochemically, and genetically distinct from apoptosis, various forms of necrosis, and autophagy. This process is characterized by the overwhelming, iron-dependent accumulation of lethal lipid ROS [8] . Unlike other forms of apoptotic and nonapoptotic death [23, 24] , this requirement for ROS accumulation appears to be universal. In at least some cells, NOX family enzymes make important contributions to this process. Indeed, although Dixon and his colleagues cannot exclude the possibility of a death-inducing protein or protein complex activated downstream of ROS accumulation, they posit that the executioners of death in cancer cells undergoing ferroptosis are these ROS themselves. However, RSLinduced death is prevented by iron chelation or genetic inhibition of cellular iron uptake. This means that the regulation of intracellular iron content is a key factor to induce ferroptosis. Heme oxygenase-1 initiates the catabolism of heme, releasing carbon monoxide, iron, and biliverdin. So, HO-1 could involve in the process of RSL-induced ferroptotic cell death. As Figure 1 shown, HO-1 inhibitor, ZnPP, prevents Erastin-induced ferroptotic cell death, completely. Also, the protein and mRNA levels were increased by Erastin itself. These data suggest that enzymatic functions and expression of HO-1 may important for Erastin-induced cell death, ferroptosis. This hypothesis supported by the data from Figure 3 . The effects of cancer cell death were decreased in HO-1 null fibroblast and overexpression of HO-1 accelerated the cancer cell death in the presence of Erastin. In Figure 3D and 3E, the translational inhibition experiments of HO-1 revealed the importance of the expression of HO-1. Once more, Figure 4 and 5 imply the importance of HO-1 expression in Erastin-induced ferroptotic cell death. HO-1 is a well-known antioxidant enzyme [25] . Moreover, antioxidant effects of hemin and CORM are published in different conditions [26, 27] , also. Their antioxidant effects contribute the inhibition of cancer cells, such as breast and renal cancer cells [28, 29, 30] . However, hemin and CORM increased the lipid peroxidation in the presence of Erastin in Figure 6 . This might be through increase of intracellular iron contents. Taken together, HO-1 may take part in iron supplement and lipid peroxidation in Erastininduced ferropotic cell death.
MATERIALS AND METHODS
Cell culture
HT-1080 fibrosacoma cells were grown in RPMI 1640 medium (Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum (Invitrogen, Life technologies, Carlsbad, CA), penicillin (100 u/mL), and streptomycin (100 μg/mL). All cells were incubated at 37°C in a humidified atmosphere of 5% CO 2 and 95% air.
Fibroblast isolation and culture
Mouse lung fibroblasts were isolated from HO-1 +/+ or HO-1 −/− mice (Balb/c background). For isolation of Fibroblast, lungs were perfused with 20 mL of Hank's Balanced Salt Solution (HBSS), minced with scissors and finally digested for 30 minutes with collagenase type I (Worthington, Lakewood, NJ) at 37°C. Digested extracts were pressed through 70 μm cell strainers. The filtrate was centrifuged at 1500 rpm for 5 minutes at 25°C. After remove the supernatant, pellets were resuspended in DMEM supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 
Reagents and antibodies
Western immunoblotting
Cell extracts from the 60 mm dishes were harvested using RIPA buffer (Tris/Cl (pH 7.6); 100 mmole/L, EDTA; 5 mmole/L, NaCl; 50 mmole/L, β-glycerophosphate; 50 mmole/L, NaF; 50 mmole/L, Na 3 VO 4 ; 0.1 mmole/L, NP-40; 0.5%, Sodium deoxycholate; 0.5%) with 1× Complete™ protease inhibitor Cocktail (Roche Applied Science, Mannheim, Germany). Protein concentrations of cell lysates were determined using Pierce BCA protein assay kit (Thermo Scientific, Rockford, IL) and were resolved by 12% SDS-polyacrylamide gels. Proteins were transferred on Pure PVDF membranes. Membranes were blocked for 2 hours at room temperature with a 5% nonfat milk solution in TBST buffer (20 mM Tris-HCl, pH 7.4, 500 mM NaCl, 0.1% Tween20). The blots were then incubated with antibody an anti-HO-1 (1:4000), an anti-β-actin (1:5000) in TBST overnight at room temperature. The blots were then washed three times in TBST and incubated with an anti-rabbit secondary antibody (1:5000), or an anti-mouse secondary antibody (1:5000) in TBST for 1 hour at room temperature. Finally, immunoblots were detected by SuperSignal ® West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL) and visualized after exposure to X-ray film.
Quantitative real-time RT-PCR
Total RNA was isolated TRIzol reagent (Invitrogen, Life technologies, Carlsbad, CA), Reverse transcription was performed using SuperScript™ III First-Strand Synthesis System (Invitrogen, CA). Real-time quantitative PCR was conducted using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). Triplicate samples per condition were analyzed on an Applied Biosystems StepOnePlus TM Real-Time PCR System using absolute quantification settings. The primers sequences were as follows: mouse HO-1 (forward: 5′-CGCCTTCCTGCTCAACATT-3′ and reverse: 5′-TGTGTTCCTCTGTCAGCATCAC-3′) mouse β-actin (forward: 5′-GATCTGGCACCACACCTTCT-3′ and reverse: 5′-GGGGTGTTGAAGGTCTCAAA-3′). Amplification of cDNA started with 10 minutes at 95°C, followed by 40 cycles of 15 seconds at 95°C and 1 minute at 60°C.
Cell viability assay
Cell viability was determined by the MTS assay using the CellTiter 96 ® AQueous One Solution Cell Proliferation Assay kit (Promega, Madison, WI). Cells were seeded at 0.7 × 10 4 cells per well in 96-well plates. After reagent treatment, 20 μl of MTS solution was added to each well. Plates were incubated for an additional 2~4 hours at 37°C. Absorbance at 490 nm was then measured using a SpectraMax M2 microplate reader (Molecular Devices, Sunnyvale, CA) to calculate the cell survival percentages.
Nuclear staining
Cells were seeded on 12-well plates containing glass coverslips. Next day, cells were treated with Erastin (1 μM, 10 μM) for 10 hours. In order to inhibit HO-1, ZnPP (10 μM) was pretreated for 30 minutes before the addition of Erastin. A nuclear counterstaining was made with a solution of 1 μg/mL Hoechst 33258 staining for 5 minutes and mounting on a slide using Fluorescence Mounting Medium (Dako, Glostrup, Denmark). The samples were visualized by Nikon Image Ti fluorescence microscope to acquire fluorescent images using NIS-Elements Br software.
Cell viability was assessed by fluorescence microscope in response to Erastin with ZnPP.
HO-1 overexpression stable cell lines
The stable cell lines for HO-1 overexpression were generated in HT-1080 fibrosacoma cells. Cells were seeded in 6-well dishes the day before the experiment in regular HT-1080 media. The next day, pEGFP-N3 or pEGFP-N3-hHO-1 was transfected using FuGENE6 transfection reagent (Roche, Indianapolis, IN, USA) according to the manufacturer's instructions. 48 hours post-transfection, transfected cells were treated with neomycin-containing media (500 ng/mL for HT-1080) to obtain transfected cell populations. HO-1 overexpression was validated by western blotting analyses.
Assessment of cytosolic ROS and lipid peroxidation
Cells were seeded at 3 × 10 5 cells per well in 6-well plates. Next day, cells were treated with Erastin (10 μM) and/or hemin (5 μM), CORM (10 μM), biliverdin (10 μM) for 8 hours. After 8 hours, cells were incubated with 2 μM CellROX ® Deep Red (cytosolic ROS) or 2 μM C11-BODIPY581/591 (lipid peroxidation) (Invitrogen, Life Technologies, Grand Island, NY) for 30 minutes at 37°C in the dark. After 30 minutes of loading, unincorporated dye was removed by washings with 2% FBS containing PBS. Samples were then centrifuged at 1000 rpm for 3 minutes and the pellets were resuspended in 500 μL of 2% FBS containing PBS. Measurements were performed on a FACSCalibur (Becton Dickinson, San Jose, CA) flow cytometer.
Statistical analysis
Data represent mean ± SD. For comparisons between two groups, we used Student's two-tailed unpaired t test. Statistically significant differences were accepted at p < 0.05.
